Introduction
The postweaning decline in pig serum α-tocopherol and Se concentrations has been associated with the onset of the deficiency of these nutrients Moxon, 1980, Meyer et al., 1981) . Although the FDA (1974 FDA ( , 1987 1 Salaries and research support were provided by state and federal funds appropriated to the Ohio Agric. Res. and Dev. Center and The Ohio State University. 2 Appreciation is expressed to K. Mays for animal care and data collection, F. Cihla and M. Watts for laboratory analysis, and B. Bishop for statistical analyses. 3 The experimental use of animals and procedures followed were approved by the University Animal Care Committee. 
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arrangement of treatments conducted in six replicates. Three levels of vitamin A (2,200, 13,200, or 26 ,400 IU/ kg) and two sources of vitamin E (D-TAc or DL-TAc) each provided at 40 IU/kg diet were evaluated over a 35-d period. Pig performances to 35-d postweaning were not affected by the dietary variables. Serum α-tocopherol (P < 0.01) and retinol (P < 0.05) concentrations increased as their respective vitamin level increased. Serum (P < 0.05) and liver (P < 0.01) α-tocopherol concentrations both declined as dietary vitamin A levels increased resulting in interaction responses. Serum α-tocopherol concentration was higher (P < 0.05) at 35-d postweaning when d-TAc was the vitamin E source.
Dietary vitamin E sources had no effect on serum or liver retinol concentrations. These results demonstrated that both supplemental vitamin A and vitamin E increased in the blood as their dietary levels increased. However, as dietary vitamin A level increased, serum and liver α-tocopherol concentrations declined, suggesting a reduced absorption and retention of α-tocopherol when weaned pigs were fed high dietary vitamin A levels.
has stipulated that supplemental Se cannot exceed 0.30 mg Se/kg diet, the fortification levels of vitamins A and E are not regulated. The NRC (1998) recommends 16 IU vitamin E/kg diet for pigs weighing < 10 kg and 11 IU/ kg for those > 10 kg BW, with dietary vitamin A levels of 2,200 and 1,750 IU/kg diet suggested for the same weight periods, respectively. A recent survey of commercial companies producing swine feeds reported that vitamin E added to pig starter diets averaged 57 IU/kg (Coehlo, 2000) . The survey indicated that the lower and upper 25% fortification levels of vitamin E averaged 40 and 74 IU/kg, respectively. Vitamin A averaged 10,878 IU/kg with the lower and upper 25% levels averaging 7,378 and 14,228 IU/kg, respectively. Both vitamins were being supplemented at approximately 3.5-to 5-fold higher than NRC (1998) requirements.
High dietary vitamin A levels have been shown to reduce vitamin E absorption in several species (Blakely et al., 1991; Drott et al., 1993) . Consequently, high fortification levels of vitamin A could exacerbate the vitamin E and Se deficiency postweaning if the same responses are shown to occur in pigs. Chung et al. (1992) reported higher serum and tissue α-tocopherol concentrations when D-tocopherol rather than when DL-α-tocopheryl acetate was fed. Although these researchers did not use the acetylated form of D-α-tocopherol in their study, their results imply that the form of vitamin E may be a factor in the absorption and retention of vitamin E.
Two studies were therefore conducted to determine if the two vitamin E sources at various vitamin A or E levels would affect serum and tissue concentrations of α-tocopherol and retinol in the weaned pig.
Materials and Methods
The first experiment evaluated the effect of providing two sources of vitamin E at two dietary levels and at two dietary levels of vitamin A on postweaning pig performance and serum retinol and α-tocopherol concentrations. The experiment was conducted as a 2 × 2 × 2 factorial arrangement of treatments in a randomized complete block design in seven replicates. A total of 280 crossbred ([Yorkshire × Landrace] × Duroc) pigs weaned at 23 ± 2 d of age at an average 6.3 kg BW were allotted in groups of five pigs per treatment pen by weight, sex, and litter. Diets were formulated to a 1.35% lysine (total) level for the 0-to 14-d period, with a second diet containing 1.25% lysine (total) fed during the 14 to 35-d period. Diets met or exceeded NRC (1998) recommendations for all nutrients (Table 1 ). Both sources of vitamin E (D-TAc, DL-TAc) and vitamin A were independently premixed with ground corn and added to treatment diets at the expense of dietary corn.
Pigs were housed in 1.2-× 1.2-m elevated nursery pen with a wire mesh floor and a plastic pad covering approximately 25% of the area. Each pen contained a five-hole self feeder and one nipple waterer. Pigs were provided meal diets on an ad libitum basis for a 5-wk experimental period. Environmental temperatures were established at 30°C but adjusted downward at weekly intervals to meet the comfort zone of the pigs.
Blood samples were collected via cardiac puncture in vacuum tubes from the pigs in five of the replicates at 2-and 5-wk postweaning. Blood samples were placed on ice, transported to the laboratory, centrifuged at 2,200 × g at 4°C for 10 min, with serum collected and stored at −20°C for later analysis.
The second experiment was a 2 × 3 factorial arrangement of treatments in a randomized complete block design and conducted in six replicates. The study evaluated the effects of the two vitamin E sources (D-TAc and DLTAc) added at 40 IU/kg and three dietary levels of added vitamin A (2,200 13,200, 26,400 IU/kg).
A total of 180 crossbred pigs of the same genetic combination as in Exp. 1 were used in this study. Five pigs/ pen allotted on the basis of weight, sex, and litter were housed and managed as in Exp. 1. Diets were formulated to 1.50% lysine (total) during the 0-to 14-d postweaning period and to a 1.25% lysine (total) level for the 14-to 35-d period. All nutrients met or exceeded NRC (1998) recommendations (Table 1) .
At the start of the trial a total of 10 pigs were randomly selected from allotted animals and bled via cardiac puncture using vacuum tubes. At 14-and 35-d postweaning, all pigs were bled via cardiac puncture, processed, and serum stored for the later analysis of α-tocopherol and retinol as in Exp. 1. From normal nonallotted animals, six pigs at weaning and one randomly selected pig from each treatment pen at the end of the experiment were stunned by electric shock and killed by exsanguination. Livers were collected, frozen in liquid N, and stored frozen (−20°C) until analyzed later for α-tocopherol and retinol.
Analytical Procedures. Serum samples were prepared for α-tocopherol and retinol analysis based on the procedures of Bieri et al. (1979) . Because of the light and heat sensitivity of vitamin A, the samples for retinol analyses were completed under red or yellow light with samples placed in amber vials and lids during the analytical process.
Both α-tocopherol and retinol were determined by HPLC following the procedures of Zaspel and Csallany (1983) . All-trans retinol and all-trans acetate were used as standards and obtained from Sigma Chemical Co. (St. Louis, MO). Tocopherol standards were obtained from United States Biochemical Corporation (Cleveland, OH).
Pig performance, serum, and tissue data were analyzed using the mixed model analysis of variance procedure (Proc Mixed) of SAS (SAS Inst. Inc., Cary, NC). In both experiments time was included in the statistical model with the data also analyzed using the mixed model analysis procedure and repeated measures analysis. The pen was the experimental unit for all measurements.
Results

Performance Responses. Dietary vitamin E and vitamin
A levels or vitamin E sources (D-TAc or DL-TAc) evaluated in these experiments did not affect pig gains, feed intakes, or gain:feed ratios (P > 0.15) for the 35-d postweaning period (Tables 2 and 3 ). The results suggest that dietary levels of vitamin E up to 5.6-fold (Exp. 1) and dietary vitamin A levels (Exp. 2) up to 12-fold above current NRC (1998) standards had no effect on postweaning pig performances to 20 kg BW.
Serum Responses. Serum retinol concentrations increased (P < 0.01) as the dietary level of vitamin A increased at both 14 and 35 d postweaning in Exp. 1 (Table  2 ) and linearly (P < 0.05) at both periods in Exp. 2 as vitamin A level increased (Table 3) . Although an increase in serum retinol was demonstrated in both experiments from 14 to 35 d, the results of Exp. 2 demonstrated a greater increase (P < 0.01) from weaning to 14-d postweaning than later (Table 3) . Dietary vitamin E level (Exp. 1) or source of vitamin E (Exp. 1 and 2) had no effect (P > 0.15) on serum retinol concentrations at either the 14-or 35-d period.
Serum α-tocopherol concentrations (Exp. 2) declined from weaning to 14 d postweaning (Table 3) , responses consistent with previous reports Meyer et al., 1981) . The decline in serum α-tocopherol during the postweaning period was, however, opposite to that of serum retinol where its concentration increased. When the dietary vitamin E level increased (Exp. 1) serum α-tocopherol concentration increased (P < 0.01) at both the 14-and 35-d postweaning periods, but was highest (P < 0.05) at the 35-d period and higher when the D-TAc (P < 0.05) rather than when the DL-TAc form was fed (Table 2 ). In Exp. 2, when a constant amount of vitamin E was supplemented (i.e., 40 IU/kg) there was a trend (P < 0.10) for serum α-tocopherol concentrations to be higher by 14-d postweaning when the D-TAc form was provided. However, at the 35-d postweaning period serum α-tocopherol concentration was clearly higher (P < 0.05) when the D-TAc rather than when the DL-TAc form was fed, responses consistent to those of Exp. 1.
As the dietary vitamin A levels increased at the 35-d period (Exp. 2) serum α-tocopherol concentrations were higher when the D-TAc form of vitamin E rather than when the DL-TAc form was fed (Table 3) . This resulted in a dietary vitamin A × vitamin E level interaction response (P < 0.05). Although the same general interaction response occurred at the 14-d period, the interaction response was not significant (P > 0.15). In Exp. 1 when two dietary vitamin E levels were compared (i.e., 15 vs 90 IU/kg), increasing levels of vitamin A resulted in lower (P < 0.05) serum α-tocopherol concentrations in both vitamin E groups at 35 d postweaning, but not at 14 d postweaning (Table 4) (Table 3 ). When dietary vitamin A level was increased by six-and 12-fold above that of NRC (1998) standards liver retinol concentrations increased by approximately 12-and 25-fold, respectively. Dietary vitamin E source (Exp. 2) had no effect on liver retinol concentration (P > 0.15). Vitamin E level response (P < 0.01).
e Vitamin E source response (P < 0.05).
f Vitamin E level by vitamin A level interaction (P < 0.05) is presented in Table 4 .
Liver α-tocopherol concentrations were lower at 35 d postweaning than at weaning (P < 0.01) in Exp. 2, with the decline exacerbated as the dietary vitamin A level increased (P < 0.05; Table 3 ). Although the dietary DTAc form resulted in higher numerical liver α-tocopherol concentrations at each vitamin A level, the vitamin E source or the interaction effect was not significant (P > 0.15).
Discussion
Vitamin A and E fortification levels in commercial swine starter diets are generally added in excess of NRC (1998) standards. This is generally done because of various indigenous and environmental factors present on many commercial swine farms that might cause the animal to have a higher requirement or factors that could cause deterioration of dietary vitamins (Coehlo, 2000) . Our results indicate that when vitamin A or E levels were increased by a substantial level above NRC (1998) standards, there was neither a beneficial nor a detrimental effect on postweaning pig performances. These responses are consistent with those of Hoppe et al. (1992) who showed no difference in weaning pig performance responses when diets contained 40,000 IU vitamin A/ kg. Peplowski et al. (1980) also showed no performance differences when 200 IU vitamin E/kg diet was fed to weaned pigs.
As the dietary level of vitamin E increased, serum and liver α-tocopherol concentrations of the weaned pig responded in a positive manner. Vitamin E level or source, however, did not affect the concentration of retinol in the serum or liver tissue.
When the two sources of vitamin E were compared, higher serum concentrations of α-tocopherol resulted when the D-TAc form was fed. This suggests a higher relative absorption and perhaps bioavailability of the DTAc form of the vitamin. This response is consistent with the results of Mahan et al. (2000) who reported that reproducing swine had higher serum α-tocopherol and tissue retention of α-tocopherol when the D-rather than the DL-form of vitamin E was fed.
Increasing dietary vitamin A levels up to 12-fold higher than NRC (1998) standards in weanling pig diets did increase serum and liver retinol concentrations with liver concentrations increasing more than serum. Retinol concentrations were substantially higher in the liver than serum at similar dietary levels of vitamin A confirming that liver tissue was a more sensitive indicator of the pig's vitamin A status. Liver retinol was higher at the 35-d postweaning period than at weaning when 2,200 IU/kg diet was fed, implying that the level was adequate for increasing retention of the vitamin in the weaned pig.
Dietary vitamin A did seem to affect the apparent absorption and retention of vitamin E in the weaned pig confirming that an interrelationship exists between these two vitamins. As the dietary vitamin A level increased there was a negative impact on both the serum concentration and liver retention of α-tocopherol. This response Vitamin A level by vitamin E level interaction (P < 0.05).
e Vitamin E level response (P < 0.05).
was independent of the source of vitamin E. The results suggest that high dietary levels of vitamin A could have a detrimental effect on the young pig's vitamin E status during the postweaning period and could be detrimental to the antioxidant status of the pig during the postweaning period. Sklan and Donoghue (1982) and Blakely et al. (1991) demonstrated that high levels of dietary vitamin A (>100,000 IU/kg) resulted in lower serum α-tocopherol concentrations in chicks and rats. An interrelationship in the relative absorption rates of both vitamins A and E has been previously shown. A lowered intestinal absorption of α-tocopherol occurred when low levels of retinoic acid were fed (Bieri et al., 1981) . Inadequate bile acids have also been shown to inhibit α-tocopherol absorption (Bieri and Tolliver, 1982) . Muller et al. (1976) demonstrated that supplemental bile salts increased the hydrolysis of tocopheryl acetate. Although pancreatic esterase's for hydrolyzing the retinol (retinyl ester hydrolase) and tocopherol (carboxyl ester hydrolase) from their acetylated form is low during the initial postweaning period (Hedemann and Jensen, 1999) , Lauridsen et al. (2001) showed that the in vitro hydrolysis of tocopheryl acetate was also inhibited by retinyl acetate. These results suggest that the hydrolysis of the ester on the acetylated vitamin E compounds might be low during the immediate period postweaning and that a high dietary level of vitamin A could hinder the absorption of α-tocopherol.
These phenomena are more pronounced with younger rather than the older animals. For example, Anderson et al. (1995) did not demonstrate any detrimental effect of high dietary vitamin A levels on serum or tissue concentrations of α-tocopherol in grower-finisher pigs. During the postweaning phase there is a greater relative growth response of weanling pigs, particularly for muscle tissue thus requiring a higher need for both vitamins. Because of the weanling pigs low feed intake, low adipose and tissue reserves of α-tocopherol, lowered pancreatic esterases, and a declining postweaning serum α-tocopherol concentration, the dependence on dietary vitamin E is higher than in later growth phases. The lower vitamin E status of the young weanling pig may be compromised by several factors. Consequently, high dietary levels of vitamin A in pig starter diets could exacerbate the antioxidant status and hasten the onset of the vitamin E deficiency in younger swine. The interactive effects of the two vitamins would be expected to be less severe in older swine.
Implications
Swine diets are often fortified with high levels of vitamins A and E. High vitamin A levels may exacerbate the antioxidant status of the weaned pig by reducing the absorption and retention of α-tocopherol. In contrast, high levels of dietary vitamin E do not seem to affect the absorption or retention of retinol in the weaned pig. It appears that high dietary levels of either vitamin do not improve pig performance responses, and high levels of vitamin A may be detrimental to the vitamin E status of the young pig.
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